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Abstract 
Lateritic soils are frequently utilised in tropical areas of the developing world 
as an engineering material in the construction of rural earth roads, usually in 
the form of engineered natural surface (ENS) roads. The heavy, seasonal rain-
falls common to the tropics results in ENS roads becoming quickly saturated 
with rainwater, and no longer accessible to motorised transportation. Micro-
bially induced calcite precipitation (MICP) has been successfully used as a 
treatment process to decrease the permeability of clean, cohesionless sands by 
studies trying to impede the movement of groundwater, and any pollutants 
they may contain. In order to see if MICP treatment can also reduce the sus-
ceptibility of ENS road lateritic soils to rainwater saturation, this study has 
treated a Brazilian sample extracted from an ENS road in Espirito do Santo, 
Brazil, using the MICP bacterium Sporosarcina pasteurii contained within a 
urea-calcium chloride solution inoculum. Investigation, by means of a Rowe 
cell, of the post-treatment permeability, to untreated control samples, has 
shown an average decrease in the vertical coefficient of permeability of 83%, 
from 1.15 × 10−7 m/s for the untreated control samples, to 1.92 × 10−8 m/s in 
treated samples. 
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1. Introduction 
1.1. Engineered Natural Surface Roads 
Rural road infrastructure improvement is contained within a number of the tar-
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gets defined under Goal 9 (Industry, Innovation and Infrastructure) of the 2030 
sustainable development goals (SDGs), with expectations that it could increase 
local produce marketing and commerce [1]. The transport infrastructural needs 
of around 70% of the populations of International Development Association 
(IDA) countries are served by engineered natural surface (ENS) roads [2]; Brazil 
as an example possesses a road network containing 87% of unpaved roads [3]. 
They are formed by the compaction and shaping of the in situ surface soil [4]. It 
is very rare for ENS roads to be upgraded at a later time with a bitumen-based 
wearing surface [5]. 
Typically, in tropical areas the in situ soil material is lateritic clay, a residual 
soil formed from the local laterite geology. As a geological classification, laterite 
has proved difficult to define [6] ever since its first description by Buchanan 
(1807) [7]. Additionally, lateritic soils form over varying types of geologic mate-
rial [8]. The most common clay mineral in lateritic soils is kaolinite, represent-
ing 80% - 97% of the soil [9]. The soil is typically red or yellow due to oxides 
formed when exposed to atmospheric oxygen [10], with a silica-sesquioxide ratio 
of <2, where a ratio <1.33 is considered a “true laterite soil” [11]. A secondary 
characteristic of lateritic soil formation is alternating wet and dry seasons, a 
common feature of the tropics [9]. 
Indeed, it is these cyclical wet seasons, driven by the North-South migration 
of the intertropical convergence zone (ITCZ), which poses the biggest threat to 
lateritic ENS roads. When dry, the soil provides a hardy engineering material. 
However, when saturated by rainwater during a tropical wet season, it is weak-
ened to such a degree that it leaves the road impassable to all mechanical trans-
port; 85% of sub-Saharan roads become impassable during wet season rains [12]. 
Without dedicated governmental maintenance ENS roads remain unusable 
for long periods of time, leaving villagers struggling to access capital assets that 
should be readily available to them, namely: natural, social, financial, human and 
physical [13]. The impacts felt from wet seasons are expected to worsen with 
global climate change [14]. Sub-Saharan nations face a potential US $500 million 
rise in road maintenance costs through 2050; the equivalent cost estimated to be 
US $10.5 billion for South-East Asian countries [15] [16]. 
Microbially induced calcite precipitation (MICP) may provide a low-cost sus-
tainable means by which lateritic soils can be protected from rainwater satura-
tion. The costs of the raw materials involved in using chemical grouts typically 
applied to problematic soils, can range from US $2 to US $72 per∙m3 of soil, 
whereas the raw materials for MICP treatments range from US $0.5 to US $9 
per∙m3. Where organic agricultural waste can be used as the carbon source, 
eight-fold cost savings are possible. MICP also provides a non-toxic alternative 
to the acrylamides, lignosulfonates and polyurethane additives typically found in 
classical soil treatment agents [17]. 
1.2. MICP Using Sporosarcina pasteurii 
Sporosarcina pasteurii is a ubiquitous, naturally occurring soil bacterium [18] 
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[19], formerly classified as Bacillus pasteurii [20]. It has a unique adenosine 
triphosphate (ATP) synthesis mechanism that is coupled to the hydrolysis of 
urea [21], a feat the bacterium can perform due to the possession of the hydro-
lysing enzyme, urease [22]. This hydrolysis results in the excretion of dissolved 
inorganic carbon ( 23CO
− ) and ammonium ions ( 4NH
+ ). Separately, calcium ions 
(Ca2+) are adhered to the negatively charged cell membrane [23] allowing it to 
act as a nucleation site for the excreted 23CO
−  and the adhered Ca2+. This in-
duces the precipitation of calcium carbonate (CaCO3) calcite crystals around the 
bacterium. This calcite provides an agent for soil modification by acting as a 
“biocement”. 
Whiffin et al. [24] monitored changes to permeability in a five-metre sand 
column, which had post-treatment reductions in permeability ranging from 80% 
(down to 2 × 10−5 m/s) in the first two metres of the column, to 40% (down to 6 × 
10−5 m/s) in the remaining three metres. Further direct permeability testing of 
sub-samples from the column, using a triaxial hydraulic cell, also showed slightly 
reduced permeability readings over the entire column. More importantly, this 
testing revealed that the level of reduction was constant within the column. It 
was observed that the calcite precipitation was not however uniform throughout 
the column, and therefore the reduction in permeability did not appear to be re-
lated to precipitated calcite content within the soil. The possible sources of re-
duction discussed included the nature of how each permeability sample was 
packed, or that perhaps calcite was present but that the evacuation techniques 
used to measure its presence were not sensitive enough to record it. 
Stabnikov et al. [25] aimed to produce a water impermeable crust on a sand 
surface through the precipitation of calcite crystals into the pore-throats between 
sand particles. A strain of S. pasteurii was cultivated and 8 g of the bacterial mass 
was suspended in a 0.75 M CaCl2 solution at a pH of 7. This solution was used to 
treat the surface of a model pond sand structure, and it was found that its per-
meability was reduced from 1 × 10−4 to 1.6 × 10−8 m/s. Unlike the previously re-
viewed papers, Stabnikov et al. [25] sought to establish the nature and quantity 
of calcite precipitation, in order to provide evidence of a link between MICP ac-
tivity and permeability reduction. This was undertaken using scanning electron 
microscopy (SEM), which showed that the formation of CaCO3 crystals was oc-
curring directly onto the surfaces of the treated sand grains, where bacterial cells 
or urea molecules had possibly acted as nucleation points. SEM imagery revealed 
that, while bacterial cell aggregation occurred naturally, the use of CaCl2 had a 
positive correlative effect upon the size of such aggregation. The average cell ag-
gregation size imaged, when no CaCl2 had been administered, was 1 μm. Aggre-
gation size increased on average to 10 μm when CaCl2 was administered to the 
sand. However, it was noted that when CaCl2 was administered, cell aggregates 
of up to 400 μm was observed in the top surface layers of the sand where they 
had been immobilised since their size prevented them from penetrating further 
into the pore system. It was found that these aggregations were those responsible 
for the observed formation of the water-impermeable crust on the surface of the 
MICP treated sand sample. 
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Chu et al. [26] closely examined the effect of Ca2+ distribution on the resulting 
pattern of CaCO3 distribution in 1 L beakers of MICP treated sand. All beakers 
were fully treated with a bacterial solution for 1.5 hours, after which the solution 
was drained away and a CaCl2-urea solution was then added to the sand for a 
12-hour period before the sand was drained once more. Half of the beakers were 
filled with enough CaCl2-urea solution so that the level rose to 20 mm above the 
top-most sand. The remaining beakers were filled without allowing the CaCl2- 
urea solution to reach the surface of the sand. As with Stabnikov et al. [25], it 
was observed that when the sand’s top surface was immersed in the more aero-
bic 20 mm layer of CaCl2-urea solution, a crust of less-permeable sand formed. 
In the other samples, it was observed that calcite precipitation had been much 
more homogeneous in its distribution. The permeability of all samples was 
shown to have reduced to 1.6 × 10−7 m/s, although no value of the sand’s 
pre-treatment permeability was given, but can be compared with typical clean 
sand permeability values between 1 × 10−2 and 1 × 10−5 m/s [27]. 
Omar et al. [28] demonstrated the sustainable nature of employing MICP as a 
means of soil modification. In this technique, as opposed to the usual cultivation 
of one specific strain of a ureolytic bacterium, a “vege-grout” was created 
through the fermentation of agricultural waste, using a mixture of vegetables 
containing Cucumissativus, Ipomoea aquatic and Vigna unguiculata sesquiped-
alis. The vege-grout was the liquid extracted from this fermented mass, and it 
contained typical soil bacteria, including Bacillus subtilis and S. pasteurii. 200 g 
samples of micaceous soil samples were extracted using a sampling tube from an 
area where a shallow landslide had occurred. These samples were broken down 
in order to mix in the vege-grout to 15%, 17.5%, 20% and 22.5% content by 
mass, prior to recompaction of the sample into PVC tube moulds for multiple 
tests, including falling head permeability testing. The results showed a peak re-
duction of 17% after 21 days of curing, taking the permeability from 7.72 × 10−7 
to 6.43 × 10−7 m/s. 
1.3. MICP Using Bacillus megaterium 
The excessive ammonia and ammonium ions released during MICP has caused 
some researchers to examine alternatives to the hydrolysis of urea via urease. Li 
et al. [29] turned to another enzyme, asparaginase, as a means of facilitating 
MICP activity within a sand. The enzyme was provided by the bacterium Bacil-
lus megaterium, delivered to the sand in a bio-grout solution. Levels of im-
provement to the unconfined compressive strength of the sample, and reduction 
to the sand’s permeability matched those of identical but urease-based treat-
ments additionally conducted for comparative purposes. Although the natural 
permeability of the sand sample was not detailed, the coefficient of permeability 
values of 2.3 × 10−7 and 2.0 × 10−7 m/s for the asparaginase and urease treat-
ments, respectively, were described as significant reductions. Li et al. [29] fol-
lowed the measurements of the mechanical changes to the sand with scanning 
electron microscope-energy dispersive x-ray spectrometer (SEM-EDS) analysis. 
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Their results showed clear crystal morphologies of calcium carbonate among the 
sand particles, alongside rod-shaped B. megaterium cells. Samples treated with a 
control bio-grout that lacked bacterial cells was also examined, with no crystal 
morphologies present. However, in common with other MICP-based permeabil-
ity reduction studies, it was noted, upon x-ray computed tomography (XCT) 
examination, approximately 54% of the calcite precipitation had occurred in the 
first 380 mm section of the sand sample, with approximately 40% being found in 
the remaining 370 mm section. This heterogeneous distribution pattern was ex-
plained as a result of the MICP activity favouring aerobic conditions, as well as 
the transportation of later bacterial cells being inhibited by early calcite precipi-
tation in the voids. 
The bacterium B. megaterium was also employed as an alternative means of 
MICP bacterial treatment in Soon et al. [30]. This study also departs from the 
main bulk of MICP soil modification literature, in that it treated not only me-
dium-course grained sand, but also fine grained residual soil samples. The sand 
sample consisted of “typical concrete sand”, whereas the fine-grained soil con-
sisted of a tropical residual soil obtained from a site found on the campus com-
pound of the Universiti Tunku Abdul Rahman, Kuala Lumpur. Both the sand 
and the residual soil were classified to the British Soil Classification System 
(BSCS). The results of the classifications were reported as a well graded SAND, 
and a sandy SILT with high plasticity. The maximum dry density (MDD) of the 
residual soil was investigated via standard Proctor compaction and found to 1.56 
Mg/m3. All subsequent tests conducted on the residual soil were carried out in 
three iterations, with samples compacted to dry densities that were 85%, 90% or 
95% of the MMD. Part of the engineering properties tested on both soils in-
cluded an examination of the coefficient of permeability. The tests were con-
ducted on samples that were wholly untreated, samples treated using a solution 
without bacterial cells containing only the reagents, and samples that were 
treated using a solution with bacterial cells and reagents. The results showed a 
clear pattern that the saturated hydraulic conductivity (ksat) reduced in all sam-
ples treated with bacterial cells and reagents. Further, it appeared that the closer 
samples were to the MDD, the greater the reduction in ksat. The correlation be-
tween calcite precipitation and ksat reduction is reinforced by SEM imagery taken 
post-test. Untreated samples were described as having relatively smooth particle 
surfaces, whereas samples treated with only reagents had some observed crystals 
on the soil particles, but samples treated with bacterial cells and reagents pre-
sented abundant calcite crystals within the soil particles. Closer observations re-
vealed rod-shaped B. megaterium cells in intimate contact with precipitated cal-
cite, indicating their role in acting as crystal nucleation sites. 
1.4. Summary 
These documented studies have shown MICP to successfully reduce the coeffi-
cient of permeability of sands by between 80% and 99%, through the application 
of the ureolytic soil bacteria S. pasteurii and B. megaterium. This study therefore 
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aimed to investigate if using an MICP treatment technique with S. pasteurii 
could also reduce the permeability of lateritic soil to prevent the rainwater satu-
ration, and therefore impassability, of lateritic ENS roads. This was investigated 
by means of a constant head permeability test as per BS1377-6:1990 [31], using a 
hydraulic Rowe cell permeameter, applying the methodology of an experimental 
pre-treatment/post-treatment investigation. 
2. Materials and Methodology 
2.1. Soil Material 
The Brazilian soil sample was taken from the surface of an ENS road adjoining 
the Brazilian highway BR626, which runs into the city of Vitoria in Espirito do 
Santo, Brazil. The soil description according to BS5930:2015 [32] was a very stiff 
yellowish brown silty CLAY with frequent quartz. Due to it being a cohesive re-
sidual tropical soil, it was classified according to BS1377-2:1990 [31] as a low 
plasticity clay. This was determined from the testing of its liquid limit ( Lω ), 
which was 30.5%, and its plastic limit ( pω ), which was 19.9%. This gave a low 
plasticity index ( pI ) value of 10.6%. Standard Proctor compaction testing placed 
the soil’s MDD at 1.7 Mg/m3, and its optimum moisture content (OMC) for 
compaction at 16%. Particle density ( sρ ) testing using pyknometers revealed 
that the sρ  of the sample was 2.65 Mg/m3. 
The results gathered from the standard Proctor compaction gave guidance as 
to how the sample should be compacted into the Rowe cell. This was in order to 
ensure each sample was suitably configured so as not to provide the potential for 
confounding variables in the data through variations in sample density. 
2.2. Ureolytic Bacterial Strain Cultivation 
A type strain of S. pasteurii (ATCC 11859) was acquired from the American 
Type Culture Collection in Virginia, USA. “Bang medium” was used to grow the 
bought strain of S. pasteurii. 
The medium was created from a dry mass formulation of the following labo-
ratory grade constituents (per litre of solute); 5 g ammonium sulphate, 2 g glu-
tamic acid, 4.5 g tricine, 10 g tryptone, 5 g yeast extract and 10 g urea. Multiple 
literature sources have stated that the urea mass should be added after autoclav-
ing to prevent thermal degradation of the urea molecules. However, during this 
study it was found that autoclaving the Bang medium with the urea already 
added did nothing to prevent the rapid growth of S. pasteurii in under 48 hours. 
Preparation in this way also helped to reduce the possibility of the contamina-
tion of the medium. 
The bacterial growth was conducted in aerated flask in a Stuart SI600 orbital 
shaker, set to 100 rpm at 30˚C, until bacterial growth had reached approximately 
107 cells/mL, determined by an OD600 value of 0.8 - 1.2. Microscope and urease 
indicative agar examination ascertained that the bacterial mass produced in the 
Bang medium was a monoculture of S. pasteurii. The Bang medium was then 
centrifuged in a Jouan CR3i centrifuge at 3000 rpm and 30˚C for 20 minutes. 
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After centrifugation, the supernatant was carefully removed and the bacterial 
pellet was re-suspended in phosphate buffer solution and then centrifuged once 
more. The supernatant was again removed and the washed bacterial pellet was 
re-suspended in a 0.5 M solution of urea in distilled water to form a soil inocu-
lum solution. A magnetic stirrer was used to ensure the thorough mixing of the 
urea and bacterial cells within the inoculum. 
2.3. Soil Treatment, Compaction, Saturation and Consolidation 
Alongside the soil inoculum, a calcium chloride (CaCl2) solution was formulated 
in a separate container at a molar concentration of 0.5 M. The soil inoculum was 
manually mixed into the dry soil material, after which the CaCl2 was also added to 
the soil in an identical fashion. This was in not only in order to deliver the bacteria 
cells and urea evenly to the soil, but also to prevent the premature precipitation of 
calcite crystals before compaction into the cell had been implemented. 
The volume of inoculum and CaCl2 solution added remained constant for all 
samples, and was set in order to bring the air-dried soil’s moisture content up to 
the OMC of 16%. The wetted soil was then compacted in the hydraulic Rowe cell 
using the methodology found in BS1377-6:1990 3.3.6.5 [31], which employs the 
use of a 2.5 kg hammer. Each sample was compacted and levelled in order to 
reach a specified dry density of 1.7 Mg/m3. This was conducted to ensure that 
the soil’s permeability was tested while it was in as dense a configuration as pos-
sible. Porous stone discs were fashioned top and bottom of the sample. 
Once the cell was constructed and hydraulically sealed, the sample was satu-
rated until the ratio between the change in pore water pressure and the change 
in applied vertical stress ( uδ δσ ) of 0.9 was achieved during vertical loading in-
crements, as per BS1377-6:1990 3.5.2.3.11 [31]. Then consolidation was imple-
mented using one-way vertical drainage under equal strain loading, with alternat-
ing increases to the cell pressure and then back pressure being made until pore 
water dissipation (U) had exceeded 95% as per Equation (1), according to 
BS1377-6:1990 3.5.4.5 [31], where 1u  is the pore pressure at the beginning of the 
consolidation phase, 2u  is the pore pressure at the end of the primary consolida-
tion phase, and u is the instantaneous pore pressure reading at any given point. 
1
1 2
100
u uU
u u
−
= ×
−
                        (1) 
2.4. Soil Permeability Testing 
With the sample consolidated, the drain channel hydraulic pressure was in-
creased to the level of the back pressure, at which point the drain valve was 
opened. The soil’s coefficient of vertical permeability ( vk ) was derived from the 
mean rate of flow (q) of water passing through the cross-sectional area (A) of the 
sample, along its length (L), under a hydraulic gradient (i). The calculation of 
vk  is shown in Equation (2). 
1.63
v
qLk
Ai
=                          (2) 
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Four different applications of i of 5, 10, 15 and 20 kPa were applied to every 
sample. The gradients were applied in order of lowest to highest, and no gradi-
ent higher than 20 kPa was applied. Both of these steps were undertaken in an 
effort to reduce the likelihood of piping manifesting in the sample, and thus un-
dermining the validity of all of the results that would follow. 
2.5. Measurements 
The sample’s volume was derived from the Rowe cell’s diameter of 100 mm and 
length of 40 mm, into which the sample was compacted and trimmed. In order 
to monitor how closely to the desired bulk density each sample had been com-
pacted into the Rowe cell, the body of the cell was weighed prior to and after 
compaction to assess the mass of the soil sample that had been added. This al-
lowed the bulk density of the sample to be calculated, from which the dry den-
sity was also derived, both according to the method for a cylindrical sample 
found in BS1377-2:1990 7.2.5 [31]. 
Usually, the value of q in fine-grained soils is difficult to determine in the 
constant head permeameter when using standpipes to monitor the change in 
pressure head, as covered by BS1377-6:1990 [31]. This has led to the traditional 
use of the non-standardised falling head permeameter. However, the automatic 
pressure controller (APC) units that were used to supply the regulated hydraulic 
pressure to the Rowe cell have the ability to measure the volumetric changes of 
the water leaving and entering the cell to 1000th of a cm3. The change in water 
volume entering into the drain automatic pressure controller was recorded 
alongside a computer time-codex, allowing the value of q to be easily deter-
mined, as per Equation (3), and thus the standardised constant head test could 
be employed. 
volumeAPCq
t
∆
=                        (3) 
2.6. Experimental Cells 
The permeability testing of the soil samples was split into multiple experimental 
cells so as to assess how soon any reductions in the coefficient of permeability 
were seen after the application of the MICP treatment. Three cells were devised, 
each having a “curing” duration for the MICP treatment of either a 24, 48 or 
96-hour period. The soil samples cured in situ after being compacted into the 
Rowe cell body. This ensured that no disruption to the calcite crystal structures 
occurred once they had been precipitated. As the urease enzyme works most ef-
ficiently at 30˚C, the Rowe cell body was placed into an incubator at 30˚C for the 
whole duration of the incubation periods. Samples were visually inspected to 
ensure no shrinkage of the soil material had compromised its compaction into 
the cell body. 
A set of three control experimental cells were also tested, where once again 
three curing periods were implemented despite the lack of any MICP treatment, 
which were identical to the treated samples. Only distilled water was added to 
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the samples to bring the soil’s moisture content to 16%, prior to compaction into 
the Rowe cell, so that the controls were as impermeable as naturally possible 
through being as close to the MDD value indicated by the Proctor compaction 
testing. The proximity of the soil to MDD reduced the ratio of voids to the theo-
retical minimum. In order to ensure that this “faux incubation” remained as 
faithful as possible to the treatment process, the Rowe cell body within which a 
given control sample was compacted was also placed into the incubator at 30˚C. 
3. Results 
3.1. kv Values for Control Samples 
The values of q and vk  recorded for each control and MICP treated test sample 
are detailed in Table 1 and Table 2, respectively. The lowest vk  value recorded 
during permeameter testing of controls samples was 6.99 × 10−9 m/s in the 
“48-hour c” sample, and the lowest average vk  value during the application of 
the four values of i was 3.32 × 10−8 m/s for the “96-hour a” incubated sample. 
The lowest vk  value recorded during the testing of MICP treated samples, 
appearing in two 24-hour incubated samples was 2.33 × 10−9 m/s and the lowest 
average vk  during the application of the four values of i was 6.80 × 10−9 m/s for 
the “24-hour c” sample. 
The values of vk , as averaged in Table 3, and represented in Figure 1 show  
 
Table 1. Values of q and vk  for control samples. 
Control test sample Measured parameter 
Measured value for each i tested 
Average 
5 kPa 10 kPa 15 kPa 20 kPa 
24-hour a 
q (mL/min) 6.00 × 10−2 2.52 × 10−1 3.60 × 10−1 3.66 × 10−1 2.60 × 10−1 
vk  (m/s) 9.33 × 10−8 1.96 × 10−7 1.87 × 10−7 1.42 × 10−7 1.55 × 10−7 
24-hour b 
q (mL/min) 3.24 × 10−1 1.38 × 10−1 1.20 × 10−1 4.80 × 10−2 1.58 × 10−1 
vk  (m/s) 5.04 × 10−7 1.07 × 10−7 6.22 × 10−8 1.87 × 10−8 1.73 × 10−7 
24-hour c 
q (mL/min) 2.76 × 10−1 1.32 × 10−1 4.80 × 10−2 5.40 × 10−2 1.28 × 10−1 
vk  (m/s) 4.29 × 10−7 1.03 × 10−7 2.49 × 10−8 2.10 × 10−8 1.45 × 10−7 
48-hour a 
q (mL/min) 1.80 × 10−2 1.62 × 10−1 1.08 × 10−1 7.20 × 10−2 9.00 × 10−2 
vk  (m/s) 2.80 × 10−8 1.26 × 10−7 5.60 × 10−8 2.80 × 10−8 5.95 × 10−8 
48-hour b 
q (mL/min) 7.20 × 10−2 7.20 × 10−2 1.80 × 10−2 4.80 × 10−2 5.25 × 10−2 
vk  (m/s) 1.12 × 10−7 5.60 × 10−8 9.33 × 10−9 1.87 × 10−8 4.90 × 10−8 
48-hour c 
q (mL/min) 1.20 × 10−2 1.20 × 10−2 3.00 × 10−2 1.80 × 10−2 1.80 × 10−2 
vk  (m/s) 1.87 × 10−8 9.33 × 10−9 1.55 × 10−8 6.99 × 10−9 1.26 × 10−8 
96-hour a 
q (mL/min) 1.80 × 10−2 3.60 × 10−2 7.20 × 10−2 1.02 × 10−2 3.41 × 10−2 
vk  (m/s) 2.80 × 10−8 2.80 × 10−8 3.73 × 10−8 3.96 × 10−8 3.32 × 10−8 
96-hour b 
q (mL/min) 1.74 × 10−1 3.60 × 10−1 8.16 × 10−1 9.72 × 10−1 5.81 × 10−2 
vk  (m/s) 2.70 × 10−7 2.80 × 10−7 4.23 × 10−7 3.78 × 10−7 3.38 × 10−7 
96-hour c 
q (mL/min) 3.60 × 10−2 8.40 × 10−2 1.26 × 10−1 1.92 × 10−1 1.10 × 10−1 
vk  (m/s) 5.60 × 10−8 6.53 × 10−8 6.53 × 10−8 7.46 × 10−8 6.53 × 10−8 
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Table 2. Values of q and vk  for MICP treated samples. 
MICP treated test sample Measured parameter 
Measured value for each i tested 
Average 
5 kPa 10 kPa 15 kPa 20 kPa 
24-hour a 
q (mL/min) 1.80 × 10−1 4.20 × 10−2 4.80 × 10−2 3.60 × 10−2 7.65 × 10−2 
vk  (m/s) 2.80 × 10−8 3.26 × 10−8 2.49 × 10−8 1.40 × 10−8 2.49 × 10−8 
24-hour b 
q (mL/min) 1.80 × 10−2 1.20 × 10−2 2.40 × 10−2 1.20 × 10−2 1.65 × 10−2 
vk  (m/s) 2.80 × 10−8 9.33 × 10−9 1.24 × 10−8 4.66 × 10−9 1.36 × 10−8 
24-hour c 
q (mL/min) 6.00 × 10−3 6.00 × 10−3 1.20 × 10−2 1.80 × 10−2 1.05 × 10−2 
vk  (m/s) 9.33 × 10−9 4.66 × 10−9 6.22 × 10−9 6.99 × 10−9 6.80 × 10−9 
48-hour a 
q (mL/min) 2.40 × 10−2 1.80 × 10−2 3.60 × 10−2 2.40 × 10−2 2.55 × 10−2 
vk  (m/s) 3.73 × 10−8 1.40 × 10−8 1.87 × 10−8 9.33 × 10−9 1.98 × 10−8 
48-hour b 
q (mL/min) 1.80 × 10−2 1.20 × 10−2 1.20 × 10−2 6.00 × 10−3 1.20 × 10−2 
vk  (m/s) 2.80 × 10−8 9.33 × 10−9 6.22 × 10−9 2.33 × 10−9 1.15 × 10−8 
48-hour c 
q (mL/min) 1.20 × 10−2 1.80 × 10−2 2.40 × 10−2 6.00 × 10−3 1.50 × 10−2 
vk  (m/s) 1.87 × 10−8 1.40 × 10−8 1.24 × 10−8 2.33 × 10−9 1.19 × 10−8 
96-hour a 
q (mL/min) 3.60 × 10−2 1.80 × 10−2 1.80 × 10−2 1.80 × 10−2 2.25 × 10−2 
vk  (m/s) 5.60 × 10−8 1.40 × 10−8 9.33 × 10−9 6.99 × 10−9 2.16 × 10−8 
96-hour b 
q (mL/min) 6.60 × 10−2 3.60 × 10−2 4.20 × 10−2 4.20 × 10−2 4.65 × 10−2 
vk  (m/s) 1.03 × 10−7 2.80 × 10−8 2.18 × 10−8 1.63 × 10−8 4.23 × 10−8 
96-hour c 
q (mL/min) 6.00 × 10−3 1.20 × 10−2 1.08 × 10−1 1.80 × 10−2 3.60 × 10−2 
vk  (m/s) 9.33 × 10−9 9.33 × 10−9 5.60 × 10−8 6.99 × 10−9 2.04 × 10−8 
 
Table 3. Average vk  values for each experimental cell. 
Sample type 
Average vk  for each experimental cell (m/s) 
Overall average vk  (m/s) 
24-hour 48-hour 96-hour 
Control 1.58 × 10−7 4.04 × 10−8 1.46 × 10−7 1.15 × 10−7 
MICP treated 1.51 × 10−8 1.44 × 10−8 2.81 × 10−8 1.92 × 10−8 
 
no discernible pattern when comparisons are made between samples from dif-
ferent incubation periods for control and MICP treated samples. The overall av-
erage vk  value for the MICP samples, when compared to the overall average 
vk  value for the control samples, shows a decrease of 9.58 × 10−8 m/s, repre-
senting an 83% reduction in the permeability. Comparing like-for-like incuba-
tion periods between the MICP treated and control samples, the decrease in vk  
values represents a 90% reduction for the 24-hour, 64% reduction for the 
48-hour, and 81% reduction for the 96-hour incubation periods. 
The sample preparation methodology was designed to minimise the effects of 
the initial soil configuration on the permeability measured during the test. In 
order to give confidence that the density of the compacted samples had been 
sufficiently controlled, the dρ  of all control and MCP treated samples was 
monitored during testing. Figure 2 graphically represents the vk  of both con-
trol and MICP treated samples alongside the recorded dρ , the consistency of  
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Figure 1. Average values of vk  for each experimental cell. 
 
 
Figure 2. Average values of vk  and dρ  for each experimental cell. 
 
the latter demonstrating that the changes in observed vk  values has no correla-
tion with the degree of sample compaction during test conditions. 
3.2. Statistical Analysis of kv Values 
The non-parametric Kruskal-Wallis test [33] was used to analyse the statistical 
significance of the results, as detailed in Equation (4). It was used to confirm that 
the variation in control sample vk  values was statistically insignificant, while 
the variation of vk  values between the control and treated samples had a statis-
tical significance. 
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The Kruskal-Wallis test is a non-parametric alternative to the ANOVA test, 
which was able to perform a hypothesis test (H test) by ranking the non-   
normally distributed vk  data. Large values of H (above 5.991) indicated that the 
null hypothesis (i.e. no statistical significance in the variation of vk  value 
within the dataset) should be rejected. Equation (3) details the computed vari-
ables; the number of computed and ranked data points (n), the sum of the data 
ranks contained within each group (r), and the number of data groups under 
consideration (ni). 
Equation (5) shows the computation for the control samples, only. The pro-
duced H value of 2.972 indicates that the variation of data within the control 
samples has no statistical significance. Equation (6) shows that when the vk  
values of the treated samples was added and ranked alongside to the vk  values 
of the control samples, the H value of 60.65 indicates there is then a statistically 
significant variation within the dataset, which can only be explained as the dif-
ference between control and treated vk  values. 
( )
( )
212 1
1
rH ni n
n n ni
 
= − + +  
∑                  (4) 
2 2 212 9 22 14 3(10)
9(10) 3 3 3
H
 
= + + − 
 
∑               (5) 
2 2 212 50 72 49 3(19)
18(19) 3 3 3
H
 
= + + − 
 
∑              (6) 
4. Discussion 
4.1. kv Results 
The average vk  value of 1.15 × 10−7 m/s for the control samples shows that the 
soil can already be considered a low permeability soil, falling just under the k 
value expected for silty clays (ML-CL) of >2.5 × 10−7 m/s [34]. This is consistent 
with the soil description given in Section 2.1. Following the MICP treatment re-
gime, the average vk  value measured has fallen to 1.92 × 10−8 m/s, an 83% re-
duction that is comparable to the 80% or greater reduction in permeability 
achieved by the studies listed in Section 1. This means that the treatment has 
changed the permeability value of the soil from a silty clay, to that of a 
low-plasticity clay at >5 × 10−8 m/s. 
Assessment of Figure 1, coupled with the fact that all samples were saturated 
when subjected to permeability testing, no obvious discrepancies existed be-
tween the soil sample configurations (e.g. density, moisture content, etc.), other 
than that caused by the application of MICP treatment bacterial cells and re-
agents. Temporally, no obvious minimum effective curing period was present in 
the results, with at least one sample from the 24, 48 and 96-hour incubation pe-
riods possessing a vk  value under 1.00 × 10−8 m/s. 
4.2. Significance of Results and Further Research 
The statistical analysis applied to both the control group, and then the control 
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and treated group combined, further reinforces that there was only a significant 
change in vk  values when the soil was treated using S. pasteurii in conjunction 
with the MICP chemical reagents urea and CaCl2. This is confirmed by the H 
value of 60.65 that was derived from the Kruskal-Wallis analysis of the com-
bined and ranked control and MICP treated experimental cells dataset. 
However, the testing regime used in this study has only shown that treating a 
soil with the bacterial cells and reagents of MICP has reduced the permeability of 
the lateritic soil, not that MICP itself was the mechanism directly responsible. 
This would require detailed examination, perhaps using SEM or Atomic Force 
Microscopy (AFM), to confirm. The observed reduction in the soil’s permeabil-
ity may have been as a result of “bioclogging”. This is simply where the intro-
duction of bacterial cells into the soil voids causes the development of insoluble 
biomass in the pore throats, which impedes the flow of water through the soil. 
The MICP bacterium, S. pasteurii, is a ubiquitous soil bacterium that is very 
adept at creating a biofilm, which it uses to anchor the bacterial colony to soil 
particles. A build-up of biofilm biomass in the soil pore throats should therefore 
be an expected feature, but to what degree this happens has not been studied in 
lateritic soils. 
Whether calcite precipitation or bioclogging actually provides the mechanism, 
it can be concluded that the permeability of a lateriticsoil can be reduced to a 
statistically significant degree using the bacterium S. pasteurii and the reagents 
associated with MICP. As this outcome may be beneficial to supporting the 
economic advancement of rural communities in the developing world, it there-
fore warrants further investigation into whether the observed reduction in per-
meability was related to calcite precipitation or bioclogging, so as to ascertain: 
• If biomass aggregation is responsible, does S. pasteurii provide a degree of 
permeability reduction less than, or greater than, as well as more sustainable 
than currently utilised bioclogging bacteria and media? 
• If calcite crystals deposited by MICP activity is indeed responsible, does de-
positing calcite crystals outstrip the permeability reducing performance of 
other biological agents, or present a more efficient or sustainable alternative? 
4.3. Potential Impact of Results 
If the ability of MICP to reduce the permeability of lateritic soil can be refined 
and up-scaled, it will provide geotechnical engineers with a new soil modifica-
tion agent with which to combat rural ENS road closures. This may take the 
form of a soil inoculum solution, produced at a local bio-chemical production 
facility. The solution could be transported to a rural ENS road site in a mobile 
incubation tank. Ideally, this incubation tank could be trailed behind a highways 
construction vehicle, where a spray-based delivery system would add the soil in-
oculum solution to the ENS road soil surface layer. This layer would more than 
likely need to be disturbed first by highway operatives, so as to allow the sprayed 
inoculum to penetrate the soil to a reasonable degree. The operatives would then 
immediately re-compact and shape the ENS road surface and allow the material 
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to cure. 
Development of a technique similar to the above will provide a low-cost, low 
tech and sustainable method by which nations within the developing world can 
ensure their village clusters are no longer cut-off from mechanised transport for 
long periods of time. This will mean that the rural road networks may be able to 
fulfil their purpose, as originally envisaged, of providing rural populations with 
the infrastructure they need to help raise themselves out of their current impov-
erished condition. 
5. Conclusions 
The results of the Rowe cell permeability testing undertaken by this study indi-
cates that the coefficient of permeability of a lateritic soil sample was successfully 
reduced from an average of 1.15 × 10−7 m/s for untreated control samples, to 
1.92 × 10−8 m/s in samples that were treated using MICP reagents and S. pas-
teurii bacterial cells. This represents an 83% reduction in permeability. 
In this study, no attempt has been made to determine the exact mechanism 
responsible for the reduction in soil permeability, but the aggregation of mass 
associated with the addition of S. pasteurii and MICP reagents to the soil has 
been shown to be responsible for the statistically significant lowering of perme-
ability values. 
Whether this mass is indeed the precipitation of calcite crystals, or simply just 
some biomass aggregation due to the affinity of S. pasteurii for producing an-
choring biofilms, was not clarified in this study. Therefore, further research will 
need to be undertaken (e.g. repeating Rowe cell permeability testing in conjunc-
tion with SEM or AFM imagery) to clarify if the hypothesis presented by this 
study is demonstrable, and as to what the actual material nature of such accu-
mulations happens to be. 
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